Recent studies on the biochemical basis of the physiological actions of the thyroid hormone have directed attention to ita action on protein biosynthesis.lv e The administration of I.-thyroxine to normal rata stimulates the rate of amino acid incorporation into protein assayed in vitro in cell-free liver preparations.1. Thyroid-
ectomy results in a reduction in this rate2. 3 which can be raised toward normal by thyroid hormone replacement therapy. 3- The thyroxine effect on protein synthesis appears to be physiologically significant. Amino acid incorporation into protein in vivo is increased in thyroxine-treated animals in the liver, heart, and kidney,6 organs which respond to thyroxine with increased oxygen consumption.6 I n the brain, spleen, and testis, organs in which oxygen consumption is unchanged in hyperthyroidism,6 there is no effect on amino acid incorporation into protein.5 As originally suggested by Sokoloff and Kaufman,l the thyroxine effect on metabolic rate appears to be secondary to its effect on protein biosynthesis. Blockade of protein biosynthesis and, therefore, also tdhe thyroxine stimulation of protein biosynthesis by puromycin interrupts the thyroxine stimulation of oxygen consumption and almost immediately restores the increased basal metabolic rate of thyrotoxic animals to the level of normal or puromycin-treated euthyroid controls.' Inhibition of protein biosynthesis by puroniycin or actinomycin D in hypothyroid rats has also been reported to prevent the stimulation of metabolic rate by simultaneously administered triiodothyronine.s
The addition of thyroxine in low concentrations directly to the incubation mixture also stimulates amino acid incorporation into protein in cell-free rat liver preparations.', This finding of an in vitro effect of the hormone has greatly facilitated studies of its mechanism of action. The effect has been found to be a true stimulation and not merely a preservation of the initial rate.2 Mitochondria and an oxidizable substrate are essential requirements for the effect; when these components of the reaction mixture are replaced by an alternative ATP generating system, no stimulation by thyroxine is observed.2, 9 The stimulation has been localized to the step in protein biosynthesis involving the transfer of sRNA-bound amino acid to microsomal lo and it is not secondary to an effect on the generation of GTP, ATP, or reduced glutathione, the only cofactors known to influence or to be required in this step.g The role of the mitochondria appears to be in a preliminary reaction with thyroxine to produce a still unidentified factor which is responsible for the stimulation of the transfer step.9 The stimulation is not the result of an increase in permeability of the microsomal membrane since it occurs with ribonucleoprotein particles as weL1l The thyroxine stimulation occurs only when the rate of amino acid incorporation into protein is limited by the ribosomal concentration ; when ribosomes are present in excessive or inhibitory amounts, the action of thyroxine is to enhance the inhibition." The thyroxine effect on amino acid incorporation into protein appears, therefore, to result from some action on ribosomes which increases their activity.
Widnell and Tata12 have recently reported that thyroid hormone administratior, in vivo increases nuclear RNA polymerase activity before it stimulates amino acid incorporation into protein. They therefore proposed that increased messenger RNA production is the mechanism by which thyroid hormone stimulates amino acid incorporation into protein. Such a mechanism is consistent with current concepts of the genetic control of protein bio~ynthesis.'~ The present studies demonstrate, however, that thyroxine stimulates amino acid incorporation into protein independently of any action on DNAdependent RNA polymerase activity or messenger RNA synthesis and can, in fact, stimulate synthetic polyribonucleotidedirected amino acid incorporation into polypeptide. Normal OsbomeMendel male rata weighing between 80 and 150 g m were used in all experiments. The animals were maintained on Purii laboratory chow and tap water but were fasted at leaat 17 hr immediately prior to killing.
Preparation of honwgemks and ceU fraclions: Liver homogenates were prepared fresh for each experiment. Homogenization procedures were the aame as those previously described.'. 2 For experiments in which all tlasks contained the complete 8yetem, Le., mitochondria, microsomes, and cell sap, fractionation and reconstitution of the crude homogenatea were carried out according to Procedure A of Sokoloff and Kaufman.* In experiments in which the mitochondria and oxidizable substrate were r e p l a d by a creatine phosphateATP generating system (Table 2) , their Procedure C was employed.
Animals:
Nuclei were isolated from rat liver by the method of Spom, Wanko, and Dingman." Assay methods: Incubation conditions were the same aa those previously described.', The components of the reaction mixtures are described in the legends to the tables. The reactions were terminated by the addition of 5 ml of ice-cold 0.25 M sucrose solution containing 1 mg of the nonradioactive species of the C14-labeled compound used in the aasay per ml. The mitochondria and nuclei, if present, were then removed by centrifugation for 15 min at 12,800 X g in the Servall refrigerated centrifuge, and the protein and RNA in the 12,800 X g supernatant fluid were precipitated by the addition of an equal volume of 12% trichloroacetic acid. The precipitated protein was then purified and assayed for specific activity as previously described.' v P
In the experiments in which the specific activity of the RNA was measured (Table I) , the precipitate containing the protein and RNA was washed three times with 3% perchloric acid, twice with 0.06% perchloric acid, once with 70% ethanol, and M y suspended in 1 ml of a solution containing 0.1 M NaCl, 0.05 M potassium phoaphate buffer, pH 7.2, and 0.0025 M EDTA.
The RNA waa then isolated from the suspension by phenol extraction.' Specific activity of the RNA was determined by measurement of both the absorbancy at 260 m p and the radioactivity in appropriately diluted aliquots of the RNA solution. Purity of the RNA waa checked by measurement of the ratio of absorbancies at 280 and 260 -. Radioactivity waa measured in a liquid scintillation counter, and the counting rates of all samples were individually calibrated by means of C14 internal standards. Sufficient counts were collected to obtain a coefficient of variation of leas than 1%.
Results.-Efects of thyroxim on RNA synthesis: The possibility that the thyroxine effect on amino acid incorporation into protein might be secondary to an effect on RNA synthesis was examined in experiments in which the effects of 6.5 X 10-6 M thyroxine on AMP-8-C1* incorporation into RNA and D L 1 e u~i n e -l -C~~ incorporation into protein were simultaneously compared. The results failed to provide any evidence to support this possibility (Table 1) . Thyroxine stimulated amino acid incorporation inw protein in the absence of any significant effects on the incorporation of AMP-8-C1* into RNA.
Efects of added nuclei on thyrozim stimulation of amino acid inwrpwation into protein: The results of the experiments illustrated in Table 1 offered no support for a thyroxine effect on RNA synthesis, but neither did they conclusively exclude the possibility of an effect on a specific small pool of RNA, for example, messenger RNA, the specific activity of which might be diluted out by the bulk of the RNA present in the incubation system. Although the procedure for the preparation of the cel1 The components of the reaction mixtures in rmoles were as follows: sucrose. 158; potassium phosphate buffer, p H 7.4,20:, MgCh, 5; GTP, 0.25; sodium DL-p-hydroxybutyrate, 50; nonradioactive AMP or AMP;8-C" (specific activity = 0.64 pc per rmole), 5 ; and nonradioactive DL-leucine or DL-leucine-1-C" (specific activity = 5.4 r e per pmole). 0.8. Each experimental flask received sufficient sodium L-thyroxine dissolved in 0.1 ml of 0.01 N NaOH to achieve a final concentration of 6.5 X 10-5 M ; control flasks received equivalent amounts of NaOH alone. I n addition, each flask received 0.45 ml of homogenate prepared by Procedure A of Sokoloff and Kaufman,' which contained mitochondria and microsomes equivalent to the yield from 200 mg and cell sap equivalent to the yield from 30 mg of fresh liver. The reaction mixture was brought to a final volume of 1.7 ml with water.
All other incubation procedures were as previously described. 2 Incubation time at 37OC was as indicated in the table.
fractions employed in these studies included a step for the removal of nuclei, there was no assurance of the complete absence of nuclear contamination. It was, therefore, still possible that the thyroxine stimulation of amino acid incorporation into protein was secondary to an effect on nuclear RNA polymerase activity. The possibility was also considered that the mitochondrial requirement for the thyroxine effect on amino acid incorporation previously observed2-reflected only a requirement for nuclei contaminating the mitochondrial fraction. Experiments were, therefore, carried out in which the level of nuclear RNA polymerase activity in the incubation system was progressively increased by the addition of graded amounts of rat liver nuclei. Nuclei prepared by the same method have been shown to exhibit RNA polymerase activity in vitro12 and to contain RNA with messenger activity.16 As can be seen in Table 2 , the addition of nuclei to the com- 
Homogenate fractions were prepared by Procedure C of Sokolo5 and Kaufman.' The complete system contained the same components as the reaction mixtures containing the DGleucine-l-Ci4 described in Table 1 , including 0.15 ml of the mitochondrial suepension and 0.30 ml of the microeomal-cell sap mixture added aeparately. The contents of the flasks without mitochondria and DL-p-hydroxybutyrate were identical except that the mitochondrial suspension was replaced by 0.15 ml of 0.25 M sucrose solution, and the DL-8-hbdroxybutyrate was replaced by 40 rmoles of creatine phosphate and 0.25 mg of creatine kinase contained in an equivalent volume. I n addition, each flask received 0.2 ml of a solution of 0.32 M sucrose, 0.001 M MgCh. and O.OOO8 M potaa6iu.m phoephate buffer, pH 6.8, containing the quantity of nude! indicated in the table. The L-thyroxine concentration was 6.5 X 10-6 M. Incubatlon time a t 37OC was 25 min. All other incubation conditions were the name as those in Table 1 .
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plete system containing mitochondria and a n oxidizable substrate may increase slightly the rate of amino acid incorporation into protein but never sufficiently to replace the thyroxine effect. Thyroxine continues to stimulate even in the presence of optimal or greater than optimal amounts of nuclei. Furthermore, when the mitochondria and oxidizable substrate are replaced by a creatine phosphate-ATP generating system, there is no thyroxine effect, even in the presence of the added nuclei. There is, in fact, no indication that the rate of amino acid incorporation into protein is limited by nuclear RNA polymerase activity. These results offer further evidence that the thyroxine stimulation of amino acid incorporation into protein is not secondary to an effect on nuclear RNA polymerase activity and that the mitochondrial requirement is not a reflection of a possible nuclear contamination of the mitochondrial fraction.
Thyroxine stimulation of amino acid incorporation into protein in presence of inhibitors of DNA-dependent RNA polymeras activity: Inhibition of DNAdependent RNA polymerase activity by actinomycin D or DNAase had no effects on either the control rate of amino acid incorporation into protein or the thyroxine effect (Table  3) . I n contrast, RNAase markedly inhibited both. The results were essentially the same whether or not the reaction mixtures were first preincubated in the presence of the inhibitors for 5 min at 37OC. The same solutions of these inhibitors at the same concentrations effectively inhibited messenger RNA synthesis in an E. coli system. The results of these experiments demonstrate that the rate of amino acid incorporation into protein in the rat liver system used in these studies is not limited by DNA-dependent RNA polymerase activity and that thyroxine still stimulates equally well even in the relative absence of this enzymatic activity. The thyroxine stimulation of amino acid incorporation into protein cannot, therefore, be mediated by an effect on the synthesis of messenger RNA. Thyroxine stimvlation of poly 7I-dirated DL-phenylalanine-l-C1' incorporation into polyphenylulanine: Thyroxine also stimulates synthetic messenger RNAdirected incorporation of amino acids into polypeptides. I n I omponents of the reaction mixtures and incubation conditions were the same as those described for the assay of DL-leucine-1-Ci4 incorporation into protein in Table 1 with the following exceptions: the MgClt addition per flask was 6 #moles; poly U was added to the flasks in the amounts indicated; each flask received 1 rmole of either nonradioactive DL-phenylalanine or DL-phenylalanine-l-C1' (specific activity = 5.0 pc per pmole) and 0.8 rmole of either nonradioactive DL-valine or DL-valine-l-Ci' (specific activity = 3.05 pc per pmole). Only one radioactive amino acid was added per flask as indicited in the table. The homagenates were prepared b y Procedure A o f Sokoloff and Kaufman,* except that 10-4 M EDTA was added to the homogenizing and resuspendin Incubattoq time at 37OC was 25 min. The DL-phenylalaninel-Ci' incorporation into polyphenylalanine was cafculated by subtraction of the base-line incorporation of DL-phenylalanme-1-C" into protein in the absence of poly U from the specific activity of the combined protein and polyphenylalanine obtsined in the presence of poly U. The difference was taken t o represent the quantity of polyphenylalanin~-C" per mg of combined protein and polyphenylalanine.
Homogenate prepared from Liver of rat given 15 pg actinomycin D per 100 gm of body weight intraperitoneally 42 hr previously. medium. The thyroxine concentration was 6.5 X 10-6 M .
cin D (Expt. 2) . The actinomycin D pretreatment was employed in an attempt to deplete the natural messenger RNA content of the tissue in vivo and thus enhance the response of the preparation to added poly U. However, in agreement with the recent findings of Revel and Hiatt," no significant effects on base-line amino acid incorporation into protein or sensitivity to poly U were observed with doses of actinomycin D varying from 15 pg to 240 pg per 100 gm of body weight administered intraperitoneally 1 6 4 2 hr prior to the killing of the animals. The actinomycin D pretreatment did, however, appear to lower the thyroxine stimulation of base-line amino acid incorporation into protein.
Poly U stimulated the incorporation of DL-~henylalanine-l-c'~, but the thyroxine stimulation was superimposed even on the maximal poly U effect. The effects of thyroxine and poly U appeared to be synergistic, each enhanced by the presence of the other. I n fact, in occasional experiments the poly U effect was essentially negligible in the control flasks and evident only in the presence of thyroxine. Although thyroxine enhanced the poly U effect, it did not lower the optimal poly U concentration; the thyroxine effect, therefore, does not appear to be secondary either to the inhibition of a nuclease which degrades poly U or to the stimulation of the attachment of messenger RNA to ribosomes. These possibilities are, however, under further study.
The poly U effect was specific for phenylalanine; DL-valine-l-C14 incorporation was unaffected or even inhibited by poly U. The poly U-dependent DL-phenylalanine-l-CI4 incorporation was assumed, therefore, to represent incorporation into polyphenylalanine, the polypeptide coded by poly U.'* It can be seen in Table 4 that thyroxine stimulated the poly U-directed incorporation into polyphenylalanine even more so than the incorporation of amino acid into protein. The fact that thyroxine stimulates synthetic messenger RNA-directed amino acid incorporation is evidence that thyroxine stimulates protein biosynthesis independently of any action on the synthesis of natural messenger RNA.
Discussion.-The present studies include four different types of experiments, each of which provides independent evidence that thyroxine stimulates amino acid incorporation into protein independently of any action on messenger RNA synthesis. The addition of thyroxine in vitro to cell-free, normal rat liver homogenates results in a stimulation of amino acid incorporation into microsomal protein in the absence of any detectable effect on the incorporation of RNA precursors into RNA. The thyroxine stimulation of amino acid incorporation into protein is present even when nuclei containing RYA polymerase activit]y and messenger RNA are added in optimal amounts. Inhibition of DNA-dependent R S A polymerase activity by actinomycin I1 or DXAase has no effect on amino acid incorporation into protein or the thyroxine stimulation. Finally, thyroxine stimulates poly U-directed incorporation of phenylalanine into polyphenylalanine. The results of these studies suggest that there is a mechanism by which the thyroid hormone regulates the rate of protein biosynthesis independently of any action a t the gene level.
These results are in disagreement with the mechanism of the thyroxine stimulation of protein biosynthesis proposed by Widnell and Tata.12 These workers found that RNA polymerase activity in nuclei prepared from the livers of thyroidectomized rats is low, and that thyroid hormone administration to such animals raises the nuclear RNA polymerase activity toward normal before the effect on amino acid incorporation into protein is obse~ed. They therefore suggested that the effect of thyroid hormone on protein biosynthesis is secondary to an action a t the gene level which stimulates messenger RNA synthesis. The change in protein synthesis observed by Tata and his associates3. l2 in thyroid-deficient animals treated with replacement therapy is a clearly different phenomenon from the stimulation observed in this laboratory when thyroid hormone is administered to normal animals or added directly in vitro to cell-free preparations from normal animal tissues. There is no inherent difference in the amino acid-incorporating activities of microsomes isolated from normal rats and from rats treated in vivo with thyroxine. They exhibit a difference only when they are assayed in the presence of their corresponding mitochondria. Both types of microsomes incorporate amino acid into protein a t the normal rate in the presence of normal rat liver mitochondria, and both are equally stimulated in the presence of mitochondria from the livers of thyroxinetreated rats.'. % Thyroxine added i,n vitro stimulates amino acid-incorporating activity in normd rat liver microsomes only if mitochondria are present in the reaction mixture.*-Clearly, mitochondria are involved in the mechanism of the effect. On the other hand, microsomes from chronically thyroid-deficient rats have an inherently lower than normal amino acid-incorporating activity that persists even when assayed in the absence of mito~hondria.~. Amino acid incorporation into protein in hypothyroid rat liver microsomes can also be stimulated by thyroxine added in vitro in the presence of mitochondria, but to a considerably lesser degree than in n o d T h i s degeneration of microsomal protein biosynthetic function in hypothyroidism can be reversed by thyroid hormone replacement therapy in viiro, but it is a delayed effect which appears after a latent period of approximately 35 hr. 3 Chronic thyroid deficiency appears then to result in an intrinsic degeneration in the microsomal protein biosynthetic machinery which can be restored to the normal state by replacement therapy. There appears to be no corresponding effect in the action of thyroid hormones in normal animals. This degenerative effect may, therefore, be a consequence of the disease state or a secondary cellular adaptation t~ the reduction in protein biosynthesis resulting from the removal of mitochondriadependent thyroxine stimulation. Tata and his assoCiateS'~ I* are studying the effects of thyroid hormone replacement therapy in thyroiddeficient rats. Since they do not include mitochondria in their assay system for amino acid incorporation into protein, they observe only the effects of the regeneration of the deficient microsomes. The regeneration is a delayed and probably secondary change which may, in fact, be dependent on increased niessenger RNA synthesis. The mitochondria-dependent thyroxine stiniulation of protein biosynthesis is likely, however, to be more specific and direct since it is the only one thus far observed when thyroxine is administered to normal animals or added in vitro to cell-free systems. It is the mitochondriadependent thyroxine stimiilation which the present studies have demonstrated to be independent of any action on messenger RNA synthesis.
Summary.-Thyroxine added in vitro to cell-free rat liver preparations stimulates amino acid incorporation into protein in the absence of any effect on the incorporation of RNA precursors into RNA. The thyroxine stimulation is superimposed on the effects of optimal or greater than optimal amounts of nuclei containing RNA polymerase activity and messenger RNA. Inhibition of DNAdependent RNA PROC. N. A. S. polymerase activity by actinomycin D and DNAase has no effect on the control rate of amino acid incorporation into protein or the thyroxine effect. Thyroxine also stimulates the rate of poly U-directed incorporation of phenylalanine into polyphenylalanine. These results are interpreted to indicate that thyroxine stimulates amino acid incorporation into microsomal protein independently of any action on DNAdepertdent RNA polymerase activity or messenger RNA synthesis.
